Abstract Treatment of the squaric acid amide esters (7, 9) of anthracycline glycoside antibiotics with aliphatic and aromatic primary and secondary amines, amino acids, peptides and aminodeoxy sugars furnished the new asymmetric diamides 16ϳ19, 25ϳ30, 32, 34 and 38ϳ40 in stereoselective reactions which do not require protecting group-manipulations. The IC 50 ϭ0.12 m M value measured for daunorubicin (1) on human leukemia (HL-60) cells is comparable to those obtained for the daunomycin-L-leucyl squaric acid diamide (30, IC 50 ϭ0.18 m M) and the corresponding D-galactosamine derivative (40, IC 50 ϭ0.22 mM).
Introduction
The anthracycline glycoside antibiotics (1ϳ3) are extremely significant and useful agents in antitumor chemotherapy. To reduce or avoid their cardiotoxic sideeffect many semisynthetic derivatives have been prepared, and the most important representatives are those modified at the aminodeoxy sugar moiety (L-daunosamine). Extensive studies have been carried out to determine the influence of the configuration of the aminodeoxy sugar unit (L-lyxoϾL-arabinoϾL-riboϾL-xylo) [1ϳ3], its substituents [4ϳ8] and ring-size [9] on the DNA-affinity, antitumor activity and cardiotoxicity of the new (stereo)isomers.
By the acylation [10] , alkylation [11] , and formation of an enamino analogue [12] at the C-3Ј primary amino group, as well as incorporation of this latter moiety into various heterocyclic rings (morpholine [13, 14] , oxazoline [15] , triazole [16] , etc.) a huge number of semisynthetic antibiotics have been synthesized. Replacement of the a-Ldaunosaminyl unit with L-acosamine (with L-arabino configuration) epirubicin (4) was obtained, which was introduced into chemotherapy. Of the amino-acyl and heterocyclic analogues, N-L-leucyl-adriamycin (5) [10] and 3Ј-deamino-3Ј-morpholinyl-pirarubicin (6) [11] , respectively, possess the most significant antitumor effect (Fig. 1) .
In a recent work, Sztaricskai and coworkers have successfully applied squaric acid esters, introduced to organic chemistry by Tietze et al. [17] , for the chemical synthesis [18] of the squaric acid amide esters (7ϳ9) and the corresponding covalent dimers (10ϳ13) of the anthracycline glycoside antibiotics 1ϳ3 (Fig. 2) .
In this paper an extension of our previous work is described, which is aimed at the synthesis of new, asymmetric diamide derivatives, and investigation of their effect on human leukemia (HL-60) cells.
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The reaction of the squaric acid amide esters (7 and 9) of daunomycin and carminomycin, respectively, with 4-phenylbenzylamine (14) was rather sluggish, whereas with 6-amino-1-hexanol (15) it was much faster to furnish the asymmetric diamides 16ϳ19 with good yields in each case (Scheme 1). Introduction of the aromatic or aliphatic sidechains greatly enhanced the lipoid-solubility of these semisynthetic antibiotic molecules. The physico-chemical properties and 1 H-and 13 C-NMR data of the synthesized new compounds are presented in Tables 1, 2 and 3,  respectively. The advantageous pharmacological properties of the Nleucyl derivative (5, Leurubicin ® [10] ) of adriamycin, introduced earlier, prompted us to perform modification of daunomycin also with this amino acid involving squaric acid. Thus, direct condensation of the squaric acid amide ester 7 with the amino acids 20 and 24, and with the peptides 21ϳ23, and also the similar ester 9 with triglycine gave the new semisynthetic antibiotics 25ϳ30 (Scheme 1). The pure products could be isolated with excellent yields by means of column chromatography. The desired amides with triglycine formed with practically the same yield from daunomycin and carminomycin, indicating that the presence of the free phenolic hydroxyl group, or its substitution with a methyl group do not influence the reaction. Tables 1 and 4 data, respectively, which substantiate the structures of the products. Reports in the literature indicate that the N-morpholinyl derivatives of the anthracycline glycosides (6, pirarubicin) [11] are more efficient antitumor agents than the parent antibiotics, and the piperazine-compounds are essential building components of numerous drug-molecules. These encouraged us to prepare the asymmetric diamides 32 and 34 (Scheme 2) by treatment of the daunomycin squaric acid amide ester (7) with morpholine (31) and 1-benzylpiperazine (33). Although the reaction times with these secondary amines were longer, the desired semisynthetic antibiotics could be obtained with 77ϳ79% yield (see Tables 1 and 5 ).
It is well-known that the various squaric acid derivatives possess low solubility in water [17] . However, introduction of carbohydrate moieties would enhance the watersolubility and decrease the disadvantageous toxic effects. The reaction of 7 with D-glucosylamine (35) and Dglucosamine (36) at room temperature for 5 days resulted in 38 and 39, and the same reaction with D-galactosamine (37), to give 40, required 10 days (Scheme 2). Following column chromatographic purification, 38 and 39 were obtained with low and moderate yield, respectively, but the yield for 40 was excellent. The physico-chemical properties and the 1 H-and 13 C-NMR data for the antibiotic analogues 38ϳ40 are collected in Tables 1 and 6, respectively. As expected, the solubility of the products in water was enhanced: while 1.0 mg of the squaric acid amide ester of daunomycin (7) mixture (0.5 ml), the same amount of 38ϳ40 was soluble in 0.5 ml of water.
In Vitro Antitumour Effect and Discussion
The results of the in vitro antitumor effect of the prepared new semisynthetic antibiotics on human leukemia 60 (HL-60) cells are summarized in Table 7 . Comparison of the IC 50 values obtained for the asymmetric diamides derived from daunomycin and carminomycin with 4-phenylbenzylamine and 6-amino-1-hexanol shows that the carminomycin derivatives 17 and 19 are active in a concentration of one order of magnitude lower than the corresponding daunomycin analogues (16 and 18). The most active molecule is the daunomycin-L-leucyl-squaric diamide (30) possessing an IC 50 value of 0.18 mM, which is very close to that (0.12 m M) measured for daunomycin (daunorubicin) introduced to clinical cancer chemotherapy. When an L-leucylglycine dipeptide unit was attached to daunomycin through a squaric acid molecule, the activity of the substance (29) decreased by more than one order of magnitude, and very similar results were observed for the daunomycin-diglycyl squaric acid diamide 26.
The difference between the biological activities of the squaric acid diamides 27 and 28 of daunomycin and carminomycin, incorporating the triglycine unit, is rather surprising: the latter derivative is more effective. Biological studies [18] of the previously prepared covalent dimers, derived from carminomycin and another anthracycline glycoside antibiotics, gave similar results. At the same time, the activity of the daunomycin-morpholinyl squaric acid diamide (32) is one order of magnitude lower than that of the N-benzylpiperazinyl derivative 34. Of the substances synthesized by the application of aminodeoxy sugars, the IC 50 value (0.22 m M) measured for the daunomycin-Dgalactosamine squaric acid diamide (40) is the most outstanding. Compared to this compound (40), 38 and 39 were found active on HL-60 cells only in three times higher concentration, and this difference can only be explained by the opposite configuration at carbon C-4 of D-glucosamine (36) and D-galactosamine (37).
Experimental
The solutions were evaporated under diminished pressure at 35ϳ37°C on a Büchi R-114 rotary evaporator. For monitoring of the reactions, and homogenity check TLC and HPLC were used. Related, and the UV spectral and MALDI-TOF data are presented in Table 1 . For NMR spectroscopy, a Bruker DRX-500 instrument operating at 500.13 MHz and 125.79 MHz frequencies, respectively, for the 1 H and 13 C nuclei was used (see Tables 2ϳ6 ). Internal TMS was the reference material. Tipically, 1 H, 13 C, and 2D COSY and HSQC spectra were recorded for assignment, sometimes augmented with TOCSY and HBMC spectra. (For some compounds direct 13 C-NMR spectra were difficult to acquire because of poor solubilty.) Assignments were corroborated with chemical shift prediction of the ACD program [19] and according to our previous work [18] .
General Method for the Synthesis of Asymmetric Diamides of Squaric Acid
The anthracycline antibiotic squaric acid amide esters 7 and 9 (0.10ϳ0.15 mmol) were taken up in a 4 : 1 dichloromethane -methanol mixture at room temperature, and if necessary, 1ϳ2 drops of N,N-dimethylformamide were added for complete dissolution.The apparent pH of the solution was adjusted to ca. 8 by addition of a few drops of triethylamine and then 0.10ϳ0.15 mmol of the reaction partner carrying a primary or secondary amino group was added. The reaction mixtures were monitored by means of TLC. After completion of the transformation, the mixtures were applied onto the surface of a small amount of Silica gel 60 by evaporation, and chromatographed on Silica gel 60 columns wich were eluted with the eluent systems indicated in Schemes 1 and 2.
The physical characteristics (Rf and R T values), and the UV and mass spectral data are shown in Table 1 , and the 1 H-and 13 C-NMR data are collected in Tables 2ϳ6.
In Vitro Antitumour Effect of Daunomycin and Carminomycin Derivatives
The HL-60 human leukemia cell line was cultured at 37°C under 5% CO 2 in RPMI-1640 medium containing 10% FBS and 2 mM glutamine. For cytotoxicity studies cells were placed in a 96-well plate with each well containing 5ϫ10 3 cells. After incubation at 37°C for 24 hours, the cultured cells were treated with the daunomycin or carminomycin derivatives dissolved in DMSO diluted with serum-free RPMI-1640 medium (1 : 39, v/v) for 3 hours. The compounds were used at the cϭ5ϫ10 Ϫ4 to 1ϫ10 Ϫ9 M range. In control experiments the cells were treated with DMSO diluted with serum -free medium (1 : 39, v/v) at 37°C for 3 hours. After incubation, the cells were washed with serum -free medium three times and serum-containing medium was added to the 709 MALDI-TOF mass spectra: Bruker Biflex III instrument (the samples were dissolved in DMSO with a 2,5-dihydroxybenzoic acid matrix, concentration: 20 mg/ml, concentration of the components: 5 mg/ml, nitrogen laser). Detection of the positive ions was made in the reflecton mode. The UV spectra were recorded with a Perkin-Elmer l 11 instrument (Ϯ2 nm, absorbance accuracy: 0.001 Å).
cells. After 4 days at 37°C, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-assay [20, 21] was carried out. The yellow solution of MTT at a concentration of 2 mg/ml was added to each well. The purple crystal obtained was dissolved in DMSO and the optical density (OD) of the samples was measured at densities of the treated cells and the control cells, respectively, at l ϭ540 nm. The results obtained from in vitro cytotoxicity measurements were analysed using sigmoidal curve fitting. 
